The two non-native grasses that have established long-term populations in Antarctica (Poa pratensis and Poa annua) were studied from a global multidimensional thermal niche perspective to address the biological invasion risk to Antarctica. These two species exhibit contrasting introduction histories and reproductive strategies and represent two referential case studies of biological invasion processes. We used a multistep process with a range of species distribution modelling techniques (ecological niche factor analysis, multidimensional envelopes, distance/entropy algorithms) together with a suite of thermoclimatic variables, to characterize the potential ranges of these species. Their native bioclimatic thermal envelopes in Eurasia, together with the different naturalized populations across continents, were compared next. The potential niche of P. pratensis was wider at the cold extremes; however, P. annua life history attributes enable it to be a more successful colonizer. We observe that particularly cold summers are a key aspect of the unique Antarctic environment. In consequence, ruderals such as P. annua can quickly expand under such harsh conditions, whereas the more stress-tolerant P. pratensis endures and persist through steady growth. Compiled data on human pressure at the Antarctic Peninsula allowed us to provide site-specific biosecurity risk indicators. We conclude that several areas across the region are vulnerable to invasions from these and other similar species. This can only be visualized in species distribution models (SDMs) when accounting for founder populations that reveal nonanalogous conditions. Results reinforce the need for strict management practices to minimize introductions. Furthermore, our novel set of temperature-based bioclimatic GIS layers for ice-free terrestrial Antarctica provide a mechanism for regional and global species distribution models to be built for other potentially invasive species.
Introduction
Species invasions are a matter of increasing global concern having profound biological consequences for human well-being, including impacts on ecosystem functioning, ecosystem services and biodiversity losses (Bertelsmeier et al., 2013) . Historically, many species have been introduced to sub-Antarctic islands by humans (Frenot et al., 2005) and even remote Antarctic areas often considered pristine environments are now inhabited by a variety of established alien biotas (Hughes et al., 2015) . Biological invasions are currently recognized as one of the major threats to Antarctic ecosystems, especially under scenarios of regional climate change and increasing human activity (Chown et al., 2012a) . Invasive colonization typically results from human-assisted geographical expansions to new climatically suitable areas within the species niche and resulting in new populations (Ellstrand & Schierenbeck, 2000) . In this context, species distribution models (SDMs) can be effective tools and are widely used to characterize range-limiting niche dimensions of species (Guisan & Thuiller, 2005) . SDMs help to predict the potential geographical expansion of alien species and are critical to conduct spatially explicit invasion risk assessments and inform biosecurity measures for vulnerable areas (Jim enez-Valverde et al., 2011) . However, their predictions may fall short, particularly in nonanalogous climates (Jackson & Overpeck, 2000; Williams & Jackson, 2007) . Therefore, accounting for any established non-native populations could provide a most valuable insight on the key factors for the invasion processes.
In this context, these predictive tools remain largely unused in the Antarctic. Most modelling exercises in the Antarctic region have been limited to the marine realm and have been rarely implemented to predict the establishment and potential geographical spread of invasive species (Gutt et al., 2012) . Here, we have produced a novel set of bioclimatic spatial layers for icefree areas of the Antarctic Peninsula to model the complete distributional ranges of two invasive grass species including the Antarctic continent.
Non-native grasses (Poaceae) are the most widespread and abundant non-native vascular plant species globally, including Antarctic and sub-Antarctic latitudes (Pysek, 1998; Shaw et al., 2010) . Two species of Poaceae (Poa pratensis and Poa annua) represent the only long-term, established, nonindigenous plants in the Antarctic Peninsula (Molina-Montenegro et al., 2012; . The capacity of these grasses to withstand Antarctic conditions makes them excellent candidates for modelling the potential geographical spread of non-native species in the region. Niche shifts have been studied for terrestrial plant invaders globally and are typically considered infrequent, yet P. annua is among the exceptions (without considering Antarctica) (Petitpierre et al., 2012; Guisan et al., 2014) . However, recent evidence showed that depending on the group examined, such niche shifts are not infrequent (Early & Sax, 2014) . In this regard, European weeds are among the most successful invaders due to their long evolutionary history that is inextricably linked with human disturbance (Pysek et al., 2004) .
Poa annua is European in origin and is thought to have evolved through natural hybridization of two species (Poa infirma and Poa supina) (Heide, 2001) . Poa annua's native distribution overlaps and exceeds the distribution of both its progenitors in Europe. Outside its native European range, P. annua is a widespread weed occurring on all continents and the islands of the Pacific, Indian and Atlantic Oceans. It has been recorded from all major sub-Antarctic island groups and more northerly Southern Ocean islands (Frenot et al., 2005 Shaw et al., 2010 . Recently, an expanding population was found on King George Island and five new occurrences have been recently reported across the Antarctic Peninsula (Molina-Montenegro et al., 2012 . Experiments have shown that P. annua can undergo rapid evolution in response to environmental pressures influencing life history characteristics including annual or perennial life history patterns, flowering time, reproductive output and growth characteristics such as vegetative resource allocation (Till-Bottraud et al., 1990) .
Poa pratensis is also European in origin and is similarly widespread globally, including several sub-Antarctic islands (Frenot et al., 2005) . It occurs at a wide range of latitudes, with its core density centred in coldtemperate regions (50°). Dense roots and rhizoids are a distinctive feature of this tuft grass (Bosy & Reader, 1995) . Poa pratensis was inadvertently introduced to Antarctica following tree transplantation experiments in 1957, being persistent locally in Cierva Point (Danco Coast, Antarctic Peninsula) until it was eventually removed in 2015 . Prior to removal, individuals of this species did not exhibit mature flowering in Antarctica. Instead, P. pratensis in Antarctica had survived primarily through vegetative reproduction .
In this study, we modelled the realized distribution of P. annua and P. pratensis as a function of temperature-related factors at the macroscale. Following the observed latitudinal pattern of decaying biodiversity on the Antarctic Peninsula north to south (Green et al., 2011) , we hypothesize a decreasing suitability gradient for the two non-native species in relation to diminishing temperatures. Furthermore, we could also expect a niche expansion in Antarctica after facing their cold distribution limits, following similar trends to those recently observed on other grass tribes at warm extremes (Aagesen et al., 2016) . In this regard, we compare the bioclimatic thermal envelopes of the two Poa populations at each continent, including Antarctica. Finally, we address the invasive risk to the main Antarctic Peninsula localities in relation to their local human pressure. By comparing the responses of two phylogenetically related species with contrasting colonization strategies and different introduction histories, we expect to gain further insight into how thermal niches determine the establishment of nonindigenous plants over different biomes. With the aim of enhancing the capacity for managing these invasive species in the Antarctic Peninsula, we also conducted an assessment of invasive risk for the increasingly reported P. annua occurrences at and around the main human activity sites across the Antarctic Peninsula.
Materials and methods
We first obtained all available information on recorded presence for both Poa species worldwide from the Global Biodiversity and Information Facility -GBIF (http://www.gbif.org). Around 300 000 raw records were obtained for each Poa species. We also screened the existing literature to include all reportedly established free-ranging records in Antarctica (six records for P. annua and 1 for P. pratensis). After filtering and processing occurrence data, circa of 35 000 records for each species were retained to be analysed in grid cells at a spatial resolution of 5 arc-minutes (~10 km). Global temperaturerelated bioclimatic variables were obtained from WorldClim (Hijmans et al., 2005) except for the Antarctica, for which there are no GIS-based data of this kind. Hence, for the Antarctic Peninsula, we compiled daily temperature data from the and generated the same set of temperature-related bioclimatic variables as those provided by WorldClim (Hijmans et al., 2005) . We initially considered nine temperature-related variables at a resolution of 5 arc-minutes from WorldClim: annual mean temperature, mean diurnal range, isothermality, temperature seasonality, maximum temperature of warmest month, minimum temperature of coldest month, annual temperature range, mean temperature of warmest quarter and mean temperature of coldest quarter. We did not include precipitation-related variables in our models because these variables are regarded as biologically uninformative in the Antarctic Peninsula, where the true form of water availability indirectly comes from snow melting. Hence, precipitation is not deemed as a limiting factor in the region at the macroscale (Peat et al., 2007; Coelsie et al., 2014) and gridded high-resolution data are unavailable. We performed Pearson correlations among these nine variables (after normalization with the BoxCox transformation) to exclude those that were highly correlated and could be redundant. Maximum temperature of warmest month and minimum temperature of the coldest month were excluded as they were strongly correlated with the remaining set of variables (r > 0.98).
Model performance is contingent on the ecological properties of the species. Modelling invasive species distributions with expanding range limits should focus on minimizing omission errors, as commission error is inherent due to the existence of new locations not yet colonized (Jim enez-Valverde et al., 2011) . Species distribution models (SDMs) were built using commonly used presence-only techniques: ecological niche factor analysis (ENFA, Hirzel et al., 2002) , a multidimensional species rectilinear envelope (SRE, Busby, 1991) , Mahalanobis distances (MD, Farber & Kadmon, 2003) and a maximum entropy modelling technique of species' distributions (MaxEnt, Phillips et al., 2006; Elith et al., 2011) . We then conducted a second selection from the seven preselected variables based on ecological relevance and following previously validated protocols (Arag on et al., 2010; Sanchez-Fernandez et al., 2012) that stem from a well-established conceptual framework to build SDMs on invasive species (Acevedo et al., 2016) . For this, we performed ENFA to estimate the biological relevance of temperature-related predictors on the basis of the niche concepts of species' marginality (deviation of a variable mean for a given species from the world's mean) and specialization (an account of the degree of restriction to the suitable variance within each variable) (Hirzel et al., 2002) . This procedure yielded a final set of four variables (see Results), which were subsequently used to derive maps of thermal favourability, combining Boolean predictions from a multidimensional species rectilinear envelope (SRE) and the continuous output from Mahalanobis distances (MD). SRE generates a Boolean map of risk areas from the hypervolume encompassed by the minima and maxima of temperature-related variables, whereas MD are distances from each grid cell to the mean of the hypervolume of the selected variables with reference to presence records. Both approaches are complementary to each other (Farber & Kadmon, 2003) ; therefore, the MD outputs were embedded within the SRE limits. We also obtained thermal favourability from MaxEnt, a widely applied machine learning method (Elith et al., 2011) . Despite the tendency of MaxEnt to overfit species presence towards the realized distribution rather than its potential (Phillips et al., 2006) , comparisons with the above-mentioned approaches can provide insights into the biological relevance of predictors. Relative contributions of variables obtained from MaxEnt (assessed by permutation importance and relative contribution) were collated and compared with those obtained from the ENFA approach.
Next, the MD associated with the presence records for each species were box-plotted by continent to compare their ranges and means and define thermal extremes. Antarctic records were individually labelled to visualize their position in regard to the other continents providing an indication of their proximity to the conditions found from other records.
Three biosecurity risk indicators were generated for the most heavily human-influenced sites within the Antarctic Peninsula. These indicators were built by the ordination of the thermal favourability estimated with MD regarding three different variables reflecting local human pressure. Sites were displayed according to the three main categories of human activities/facilities in Antarctica: hosting scientific stations, visited tourist sites and permitted research/management at protected areas. The accommodation capacity of all scientific stations deployed at the Antarctic Peninsula was obtained from the Council of Managers of National Antarctic Program -COMNAP (http://www.comnap.aq). The number of visitors recorded on the 25 most visited sites within the Peninsula was taken from the International Association of Antarctica Tour Operators -IAATO (http://www.IAATO.org). The average annual visitation of protected areas was taken from the number of annual permits issued on Antarctic Specially Protected Areas . With P. pratensis apparently eradicated in 2016 (L.R. Pertierra, pers. obs.), site results are displayed for P. annua alone as the most pressing invasive grass species at the moment.
Results

Species distribution models
We used a multidimensional species rectilinear envelope (SRE) based on nine climatic variables coupled with global occurrence records to characterize the thermal extremes for each species (Fig. 1) . Globally, P. pratensis is far more extensive in the Arctic than P. annua both according to the presence records and the thermal suitability predicted from SRE, and using variables previously selected by ecological niche factor analysis (ENFA). However, P. annua is more widespread globally, displaying a cosmopolitan distribution (http://www.gbif.org).
Poa pratensis reached cold extreme ranges at 85°N and 72°S, with the most constraining climatic factor being annual temperature range. This species occurs predominantly in cold-temperate to boreal climates and is mostly common in temperate to cold-temperate climates in the Northern Hemisphere (Holarctic), with most global occurrences reported between 50 and 60°N.
For P. annua, the SRE indicated the cold extreme range reached 75°N and 69°S. This species occurs predominantly in temperate to cold-temperate climates, mainly in the Holarctic, with a maximum density found between 45 and 55°N. The thermal envelope covered substantial temperate latitudes of the planet and included a large proportion of both tropical and cold environments. Poa annua distributional range is quite restricted in the Arctic, particularly in areas of Siberia and Canada with continental climate.
The global relevance of thermal variables was collated per species for the two modelling techniques (see Table 1 ). ENFA rankings for both species identified mean diurnal range, mean annual range (marginality and specialization), mean summer temperature (marginality) and mean annual temperature (specialization) as the four most relevant variables. MaxEnt converged with ENFA in identifying the importance of mean diurnal range, mean annual range and mean summer temperature in the upper half of the ranking (Table 1) .
Species distribution model results from MaxEnt, as a geographical prediction of thermal suitability, at the Antarctic Peninsula indicate a broad range of suitable areas across the region for both species. However, predicted thermal favourability was larger for P. pratensis than for P. annua extending further south on the Peninsula and including more remote, high-altitude sites (Fig. 1a, b) . Mahalanobis distances, as a climatic similarity measure of each grid cell to the species multidimensional climatic centroid, were also quite extreme at the Antarctic Peninsula for both species (Fig. 1e, f) indicating a large deviation of global optima centroids. Both SDM techniques congruently showed decreasing habitat favourability for the occurrence of both species across a southward latitudinal gradient. Additionally, the western side of the Antarctic Peninsula was consistently found to be more favourable, with regional island coastal sites such as the South Shetland Islands or the archipelagos in front of the Antarctic Peninsula as the most suitable areas locally. Remarkably, some northern sites were excluded by the SRE due to the existence of particularly low mean diurnal range thresholds. Figure 2 displays the Mahalanobis distances of each record per continent. Poa annua shows the closest climatic affinities within its native distributional range in Europe. North America, Africa, Asia and Oceania (Southwest Australia, New Zealand) show intermediate mean distances, whereas South American Andes populations show a large degree of variability and larger mean distances with respect to the centroid. All three records for P. annua in the mainland (Antarctic Peninsula) were outside the thermal envelope for the rest of the world: Almirante Brown, Paradise Bay and O'Higgins sites, indicating thermal exclusivity by the existence of nonanalogous temperature conditions (e.g. low summer temperatures). The remaining records in the Antarctic are located across the South Shetland Islands and were only thermally comparable to high altitudinal sites in the Patagonian Andes.
Redefining climatic range limits through model outputs
Poa pratensis is also originally from Europe and so the closest distances to the species centroid are also found on this continent. The species is also a long-term introduction to North America, where the conditions are analogous to those in Europe for some areas. However, this region includes several populations that are some of the farthest from the centroid, including some outliers, perhaps indicative of niche expansion. In turn, Africa, Asia (Himalaya) and Oceania (Southwest Australia, New Zealand) show intermediate distances.
South American Andes populations resemble North American ones to a lesser extent. The single P. pratensis occurence in Antarctica has thermal exclusivity, being the closest counterpart to the Arctic records.
Determining regional invasive risks
Invasion risk in the Antarctic Peninsula was also assessed from a combination of climatic favourability and human presence data (see Fig. 3 ). Most scientific stations had similar levels of intermediate risk (Fig. 3a) . The two stations situated on the slopes of the active Rothera also showed high-risk levels, mostly due to strong human presence in these two large operating scientific stations that also host an airport. On the other hand, Almirante Brown, Vernandsky and Carvajal stations have the lowest risk due to both low human occupancy and extreme climatic conditions. Still, Almirante Brown encountered the most extreme invaded record. Highly visited sites of the South Shetland Islands and the Northern Peninsula have the highest risk (Fig. 3b) . Whalers Bay had the highest risk; interestingly, this is the site with the highest number of biological invasions reported in Antarctica (Hughes et al., 2015) . Among Antarctic Specially Protected Areas, those with the highest risk are located in the South Shetland Islands (Fig. 3c) .
Discussion
Grinnellian niche dimensions control geographical range limits of species in abiotically stressful environments (Soberon, 2007; Pearson et al., 2003) . One limitation of SDMs is that they are not well equipped to predict occurrences in conditions that do not currently occur on the occupied continents (Williams & Jackson, 2007) . In this regard, models that incorporate pioneer populations on novel areas provide a significant boost for disentangling invasion factors in nonanalogous conditions. Here, we have characterized for the first time the thermal niche of two alien plants present in the Antarctic. Poa annua and P. pratensis are the only two non-native vascular plant species that have been established long-term in Antarctica. Similarly to other European weeds of the family Poaceae, both species are among the most successful invaders, which is often attributed to a long evolutionary history shared with high human disturbance levels (Pysek, 1998; Pysek et al., 2004) . Our models indicate a range of suitable sites for both species across the Antarctic Peninsula (Fig. 1) , and consistently identify some high-risk sites, particularly in coastal areas of the South Shetland Islands. The models also highlight the remarkable thermal exclusivity for both species in terms of their Antarctic occurrences. Among climatic factors, thermal tolerance usually determines the capacity of species to invade novel environments at high latitudes or elevations. The Antarctic Peninsula shows a latitudinal gradient of decreasing temperature favourability going south. Our results are consistent with the findings of Chown et al. (2012b) who used cumulative degree days as a measure of habitat suitability but provide a species-specific multidimensional thermal envelope at a higher resolution (50 9 50 km). In Antarctica, one of the most biologically meaningful variables identified was mean temperature of the warmest quarter. We argue that the Antarctic Peninsula shows a rather unique barrier for biological invasions in the shape of very low summer temperatures, which are absent or reduced in the Northern Hemisphere. Such low summer temperatures prevent the completion of physiological processes such as flowering of P. pratensis . In spite of this, some areas at the South Shetland Islands do exhibit relatively favourable conditions for the establishment of both species, raising the need for extra biosecurity measures in these areas. In turn, coldest temperatures and continental effects (mean annual range) are not as profound as in the Northern Hemisphere and therefore such constraints do not have the same effect in the Antarctic Peninsula as they do in the central regions of Siberia or Canada (see Fig. 1 ). However, temperature stability, as measured through mean diurnal range, is likely to have considerable influence on species suitability in some low lying, flat areas heavily exposed to the oceanic influence from the Drake Passage. Low summer temperatures and stability are likely to have similar effects on other taxa as they often do not face such limitations in their native range (Convey, 2006) . Thus, these results give us a clue of the bioclimatic conditions shaping the arrival and establishment of alien organisms and the strategies that are needed to overcome these barriers.
Beyond the thermal niche, differences in other life history traits and introduction histories are relevant to understand how P. annua has become a more successful invasive species in Antarctica, despite being less adapted to survive in cold environments than P. pratensis. P. annua in Antarctica shows a strong investment of resources on reproduction at the expense of vegetative growth (Law, 1979; Galera et al., 2015) . This makes the species a highly successful colonizer even under extreme environmental conditions, through rapid growth, high fecundity and assisted dispersal (Chwedorzewska, 2008) , despite shorter adult survivorship than P. pratensis. In contrast, observations of the now removed population of P. pratensis in Antarctica indicated that it relied on vegetative survival. Its reproductive allocation was largely conditioned by the investment in fitness, with no sexual reproduction and thus limited dispersal . Thus, it could also be argued that P. pratensis presents lower propagule pressure to the continent. Interestingly, P. annua has been recorded as a pioneer in the plant succession (Frenot et al., 1998) , colonizing novel environment exposed from a glacier moraine retreat (Olech & Chwedorzewska, 2011) , which suggests that its emergence and survival capacities do not necessarily rely on facilitation processes from native floras. Remarkably, the growth of native grass Deschampsia antarctica is often facilitated by mosses although such their presence does not increase native vascular plant survival (CasanovaKadny & Cavieres, 2012) . Thus, survival patterns in the region can be largely attributed to macroclimatic conditions generated by temperature gradients, being a key factor of the species' distributions in Maritime Antarctica (Green et al., 2011) .
Invasions of the two Poas along the Antarctic Peninsula are likely to be driven by their adaptation to regional environment conditions. Invasive species primarily colonize new locations that have analogous climates to their native range (Guisan et al., 2014) . However, our results for both species (Fig. 2) suggest the existence of geographical expansion to nonanalogous environments, particularly for P. annua where up to three sites have unique conditions not found elsewhere. This grass arrived first at Arctowski station where it established and persisted locally for nearly 30 years tentatively allowing for a long adaptation phase to the regional conditions (Chwedorzewska, 2008) . Arrival to new sites within the Peninsula could possibly be related to this original population hybridization as invasions tend to have founder events followed by massive spreading (Ellstrand & Schierenbeck, 2000) . Therefore, we postulate that new species arriving to Antarctica would be either pre-adapted (by having a remarkable tolerance/ plasticity) or forced to cope with its unique conditions. Antarctica is increasingly threatened from biological invasions (Chown et al., 2012a) . Most stations, visitor sites and protected areas within the Antarctic Peninsula are under some risk of invasion from these and ecologically similar species (Chown et al., 2012b; Shaw et al., 2014) . Invasion risk increases with environmental favourability and high levels of human activity (e.g. the multiple occurrences of P. annua at King George and Deception Island). Furthermore, those sites that do not show particularly high climatic suitability, but have a moderate-to-high visitation pressure and favourable microhabitat conditions (Torres-Mellado et al., 2011) are becoming increasingly vulnerable, as can be seen from the P. annua occurrence at Almirante Brown Station (Fig. 3a) . In consequence, accidental introductions from scientific operations (such as the one of P. pratensis to Cierva Point accidentally brought in with imported soils) might be expected to become less frequent since the Environmental Protocol regulations entered into force (1998) and the implications of research findings, such as that by Chown et al. (2012b) in which they observed a high number of propagules still arriving in scientific material, are adopted through propagule reduction mitigation actions. Management of this vector is particularly relevant as scientists tend to stay longer and reach more remote and/or ecologically vulnerable locations than other visitors to Antarctica. Therefore, strict biosecurity protocols are imperative at all sites of human activity in the Antarctic to prevent further invasions. Some Antarctic Specially Protected Areas, particularly at the South Shetland Islands, are close to such heavily visited sites, exhibit favourable conditions (e.g. ASPA 150 Ardley Island in Fildes Peninsula) and are hence subject to a high risk of invasive species establishment (Fig. 3c) . Remarkably, the unfavourable conditions from a particularly low mean diurnal range observed in ASPA 126 Byers Peninsula, Livingston Island together with the strict management provisions could help explain to the absence of reported introductions of alien plants in one of the largest ice-free areas of the South Shetland Islands archipelago. The restriction of limited entries to this site could also have influenced the absence of invasive species.
Results of the study show the macroclimatic suitability for the two species to be present across the Antarctic Peninsula within the scale of cells of 5 arc-seconds (approximately 50 km 2 in Antarctica). However, within these cells, we suggest that sites for potential (or actual colonization) will also be influenced by microscale factors, for example biotic interactions (Kasanova-Kadny & Cavieres, 2012), nutrient and water availability (Torres-Mellado et al., 2011), or human activity levels (Molina-Montenegro et al., 2014). Thus, due to heterogeneity of habitats naturally contained within, cells are expected to contain often suitable microhabitat conditions for the non-native plants to thrive. Therefore, this mapping represents a helpful guide for managers to monitor biological invasions, but any targeted surveys within these areas would also benefit from microscale habitat considerations (Pearson & Dawson, 2003; Colwell & Rangel, 2009) . It is also worth noting that mechanistic models could offer additional support for microscale predictions once ecophysiological data (e.g. hours at the photosynthetic optima) and/or biotic interactions can be exported to gridded maps in Antarctica (see Kearney & Porter, 2009 ). In summary, we have found that the Antarctic Peninsula is more vulnerable to biological invasions than previously thought, particularly for those nonindigenous species capable to withstand nonanalogous extreme environmental conditions such as Poa species (Broennimann & Guisan, 2008) . In the light of the currently existing thermal suitability observed (despite the observed variability on the regional climate warming - Turner et al., 2007 Turner et al., , 2016 , together with increased human activities that increase the likelihood of transfer of organisms (Huiskes et al., 2014) , further invasion processes are anticipated. Management responses have improved over time with regard to alien plants (Hughes & Pertierra, 2016) , however, and are only likely to be effective if combined with an active monitoring and response programme that prevents long-term establishment and adaptation for regional colonization. Future research, management and conservation planning in the Antarctic can benefit from predictive modelling approaches as illustrated here, which can also be extended to include alien cryptograms and invertebrates.
